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ABSTRACT

Some 200 surface tension determinations have

been made on 107 single-salt melts using eight experi-

mental techniques. From a consideration of the experi-

mental difficulties, such as the inconvenience of visual

observation on the melt, the corrosive nature of the melt,

volatilization and condensation of salt vapors on apparatus,

the most versatile method recognized to be applicable to

these molten systems at elevated temperatures is the method

of Maximum Bubble Pressure, by which 75 per cent of the

total determinations on the 107 salts vere made. Other

methods in descending percentages of application area Wilhelmy

Slide Plate, Capillary Rise, Maximum Pull on Cylinder, Pin

Method, Pendant Drop, Ring Method and Sessile Bubble. The

basic principles, surface tension range of applicability

and temperature limitation for these techniques are briefly

considered.
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INTRODUCTION

There is much Information relatively at large in the literature

relative to the surface tension of Inorganic compounds in molten

state, but a careful and critical evaluation of the results and

of experimental techniques In this area of high temperature

chemistry appear an outstanding need. Eight experimental techniquese

i.e., Maximum Bubble Pressure, '.hilhelmy Slide Plate, Pin, Maximum

Pull on Cylinder, Pendant Drop, Rinq, Capillary Rise, Sessile

bubble have been used to gain surface tension data of some 107

single-salt melts over a wide range of temperature. This article

developfs a review of the basic principles, experimental techniques,

temperature limitations and other salient features for each method.

Comparisons of the various methods are considered from the view-

points of experimental difficulties, range of applicability and

refliability of the results.

SURFACE TENSION TECHNIQUES FOR MOLTEN SALTS

(.) Maximum Bubble Pressure Method

The maximum bubble pressure method of determining the surface

tension of a liquid, first suggested by Simon (31), was developed and

applied to molten salt systems by Jaeger (20). It involves the very

slow formation of a bubble at the tip of a capillary imersed in
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the malt and the subsequent determination of the maximum pressure

in the bubble at the very Instant It bursts. Cantor (6) discussed

the theory of bubble formationj his equation for the maximum bubble

pressure, corrected by Schrbdinger (29), Is -

where y - surface tension of the melt, dyne cm-

r - radius of the capillary, cm

p a maximum pressure difference between the inside
and outside of the bubble at the level of the
end of the tip, dyne cm'S.

h ./ (p-p'), the height In on. of a column of

the melt equivalent to pressure p

p- density of the melt being measured, gin. cmO3

ps- density of the bubbling gas saturated with the
salt vapor, gin. cm-2

g - acceleration of gravity

Sugden (32) showed that the Schr'Odinqer approximation is valid

for values of r • 0.2. When o exceeds 0.2, It becomes necessary to

use the Sugden tables and his method of successive approximations (16).

A thorough investigation of the maximum bubble pressure method by

Hoffman (19) and Tripp (33) showed that the mathematical theory is In

accord with experiment only if the bubbles are formed slowly (one

bubble per 30 or 60 seconds). The phenomena are more complex end not

readily amenable to theoretical treatment when the rate of bubble

formation is high.
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The most extensive application of this method has been by

Jaeger (20) (51 salts) and by Ellis et &l (8-13) (20 salts). The

method appears well suited for molten salts having surface tensions

ranging from 50 to 150 dyne cm-t and for the temperature interval from

room temperature to 1600*C.

The method Is not readily applicable to viscous melts

(e.g. ZnCls) and highly volatile systems (7). Irregular formation

and behavior of the bubble can occur in melts of this typeD the

bubble may burst into a number of smaller bubbles with a resultant

stepwise pressure drop in the system# alternatively the bubble may

not burst dzspite a rise and fall of pressure, or the pressure

response when the bubble bursts may be slow and abnormally small.

Some of the experimental features that distinguish the high-

temperature application of this method to inorganic molten salts

from the ambient-temperature applications to aqueous and organtc

liquids are as followst

(a) Since certain melts may be qtlte corrosive, the radius

of the capillary tip should be checked, preferably after each experi-

ment. in addition, the time and area of contact of the melt with

various components of the surface tension assembly should be minimized.

(b) Since visual observations of the melt are frequently not

possible, the contact of the capillary tip with the surface of the

malt must be detected by indirect techniques (e.g. electrical contact).

(C) To prevent a possible cooling effect at the surface of the

melt during the formation end release of the bubbles from the capillary

mfr m m m m m
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tip, preheating of the inert bubbling gas to the temperature of

the measurement was recommended by Jaeger (20) and Semenchenko

and Shikhobalova (30). For very slow bubbling rates, Dahl and

Duke (7) found this step unnecessary.

(ti) Detachment Methods

The term "detachment method" denotes any method of surface

tension determination which is based on a measurement of the force

required to detach an object from the surface of the liquid. The

maximum pull just before the object is detached from the surface

will be equal to the weight of the object plus yL, where L Is the

total perimeter Introduced into the melt. This assumes that the

weight of the liquid which has been raised above the liquid surface,

at the moment of detachment, is given by the total tension that Its

surface will support and that the contact angle is zero. The follow-

Ing four methods may be classified as molten salt surface tension

detachment methods.

(a) Wilhelmy Slide Plate Method

The simplest application of the above principle Is that of

Wilhelmy (34). In this method the maximum pulling force necessary

to detach a thin platinum plate from the liquid surface is determined.

For a straight eJge, the force is proportional to the surface tension

of the liquid. The plate, suspended from one arm of a balance, is

dipped into the liquid and the melt container is lowered until de-

tachment occurs. The 'Oulltl on the balance arm is noted at the instant

detachment is effected, The surface tension is calculated by the

expressions

III I.I I I I I. I II
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Wtot - Wslide o 2y(L"x) (2)

wvhere L * width of the slide

x - the thickness of the slide

W tot Wllslide the observed weights at the moment
of detachment and before dipping
Itrot liqluid respectively.

End effects are assumed negligible. This relatively simple method

has been estimated to be accurate to within +O.1% for room temoer-

ature measurements of aqueous and organic liquids (28), provided that

the liquid wets the slide. Sertozzi (2.3) upplied this technique to

molten alkali metal nitrates (300-600*C).and halides (600o-900C) with

an accuracy of *0.6%.

(b) Pin Method

This procedure was introduced by Janx and Loren2 (21,22) to

measure simultaneously the surface tensions and densities of molten

alkali nitrates and carbonates, and hasbeen used by Morris, McNair

and Koops (25) for the molten molybdates. In this method, a surface

tension detachment pin is machined to be part of an Archimedean density

bob, which Is suspended from an analytical balance. The weight Is

noted at room temperature and again at the working temperature after

temperature equilibrium has been reached in order to correct for the

slightly decreased buoyant force of air at higher temperatures.

The crucible with the melt is then raised until the surface tension

pin just contacts the melt$ at this point the contact weight (Wc)

and the relative crucible height ore noted. The crucible Is then

lowered end the maximum I'ulln, just at the moment of detachment# is

measured. The break-point weight (Wb) and the final rest weight (Wr)

b)(W
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are thus obtained.

The surface tension pull on the bob is 2vry" dynes, where r

and y have their usual significancep this Is equal to the difference

between the break and the rest weights,

qWd & g(WVb - Wd

essuming zero angle of contact at the break-point. Thus, it follam

that the surface tension is given by,
OWd

where the constant A Is a characteristic of the pin dimensions. The

radius of the pin at any temperature t*C may be calculated from the

relations

r w ra 01 + IRAt)(

where re * radius of the pin at the calibration temperature (to),

o- the coefficient of linear expansion of the pin material and

At (t-t,). Hence, the final form of the surface tension equation

where AO a wrJ-.o • The constant A* may be calculated directly from

the measurement of ro or obtained indirectly from measurements with

calibration liquids of accurately known surface tensions.

The pin method, although has not been theoretically Justified,

has been verified experimentally in the case of molten LiUC20, the

surface tension of which has been measured Independently by Jana

and Lorenz (22) using the pin method and by Moiseev and Stepanov (24b)

using the maximum bubble pressure techniquo. Both sets of results

agree to within 0.3% in the temperature range studied.

I.i



(c) Meaximum Pull on Cylinder Method

This method is a modification of the ring nmthod in which

the ring is replaced by a vertical hollow cylinder and has been

widely used both at ambient and at elevated temperatures. An

expression similar to that developed by Harkins# Young and Chang (18)

for the ring method Is used to calculate the surface tension ise.,

Sr 
(6)

where R a the mean radius of the cylinders cm

F -, a dimensionless factor depend-

ing on R*/V and R/t

V - volume of liquid held up by
the cylinder (- M/p 1) cm3

t - the thickness of the cylinder walls cm.

King (23), using this method for determining the surface tensions

of silicate slags, found that the F-factors did not have the same

values for a cylinder end for a ring. Using liquids of known surface

tensions, he determined correction factors and hence a calibration

curve applicable to the cylinder (R - inch). Bradbury and Maddocks

(4), also using a cylinder of R i inch, obtained a somewhat different

calibration for F(R2/V) versus R2/V. No explanation was advanced for

the difference in the two calibration curves although cylinders of the

same R-value were used. The above difference may be attributed, in

port, to the neglect of the dimensionless variable R/t in the preced-

Ing calibrations and to possible differences in the thickness of the

walls of the cylinders used by King (23) and by Bradbury end Meddocks (4).
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The effect of the contact angle, 0, on the maximum pull on

the cylinder was investigated by King and was shown to be negligible

unless 6>40"#

Md Ring Method

The t!eorettcal principles of this method were established by

Harkins, Young and Chang (18), and further refined by Harkins and

Jordan (17). A complete discussion of the theory and experimental

aspects of this method at ambient temperature is given by Harkins (16).

This method has been used at high temperatures by Collis at &l (5) for

sodium metaphosphate and mixtures of Na@O and PsOs, with due cogniuance

to the correction factors of Harkins and Jordan (17) for the calculation

of surface tensions.

(Mii) Capillary Rise Method

The capillary rise method is the srmplest method to operate in

a closed system, a requirement for low-melting salts with high

volatility (e.g. UF, (26), ZnClg (12), GaCds (14,15) and its organic

complexes). The theoretical principles of this method are wall eastab-

lished, it is best suited for systems where visual observation of the

mel't is possible. For a single capillary, Harkins (16) givess

- hg(p-p')

where y - surface tension, dyne cm-

r - radius of capillary, cm

h height of meniscus from Immersed
end of capillary, em
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g - acceleration of gravity

p - density of liquid measured, gm. cm-3

ps -density of vapor, gm. cm- 5

For double capillary, Sudgan (32) givess
II I r-iY" p'g (5", " ' (8)

where y, g, p, p' carry the saw significance as above, H Is the

vertical distance between the lowest points of the menisci In the

two vertical tubes of radius r, and rap cm, and b, and ba are the

radii of curvature at these points, cm.

To use equation 8 for the calculation of surface tension, It

is necessary to have tome relation between the radius of the tube and

the radius of curvature at the bottom of the meniscus (32).

The derivations of qqs. 7 and8assune that angle of contact is

zero. This fact was experimentally verified only in cases of water-

and scem organic-glass systems by Richards end Carver (27), and may

not be valiJ in cases of molten salts in contact with the apparatus

material.

(iv) Mtchods Based on the Shape of Static Drops on Bubbles

The general procedure for this class of methods is to form a

liquid drop or a gas bubble in the liquid studied under conditions

such that it Is not subject to disturbance, and then to make certain

measurements of its dimensions, e.g. from a photograph. These methods

favor the observations of long term changes in surface tensions i.e.

if very slow time effects are involved.

(a) Sessile Bubble Method

This technique consists of mounting a square-ended tube vertically
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in a square spectrometer cuvette containing the liquid. A

bubble of Inert gas is grown at the end of the tube and held

stationary there while a photograph is made with a microphoto-

graphic camera. The equatorial diameter and height of the bubble

are then measured in the print by use of a travelling microscope.

The magnification factor can be checked by measuring the diameter

of the tube, which is shown in the photograph.

This method has only been applied to one molten salt system-

ZnCl 2 (13). The author calculated the surface tension of ZnCl 2 from

the dimensions of the bubble byr use of Bashforth and Adams Tables (16).

The results were claimed to be of low precision because of difficulties

in measuring the pertinent dimensions. No further application of this

method to molten salt. systems is to be expected due to this fact.

(b) Pendant Drop Method

In this method, the salt is melted to form a drop hanging on

the end of an inert rod. Surface tension can be calculated from

measurements of the absolute drop diameter and a shape factor fixed

by a '1elected" diameter, ds, defined as the diameter normal to the

drop axis at a distance from the base of the drop equal to the

maximum diameter, dm of the drop. The surface tension is related to

the liquid density, the absolute value of d and the ratio - as
m d

given by Harkins (16).

This methcd has only been applied to inorganic melts in the

case of oxide systems (24) of AM202, 820s, GeO2, S10 and P205 vith

an overall accuracy of no better then t7%.
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DISCISSION

The preceding considerations of the various techniques,

temperature range, the surface tension range and equations are

summarized in Table 1. The fraction of the total determinations

made by each technique is tabulated in Table 2 as the percent

application. The surface tension range and temperature range of

application are given in Fig. I as a guide relative to the appli-

cability of each technique.

A comparison of the results gained by various techniques is

of interest. For NaCleight independent investigations have been

reported using three different techniques i.e., the maximum bubble

pressure method, (3a,7a,20,24a30,31a) the plate method (3) and

the ring method (1a). These results are represented in Fig. 2. The

insert in Fig. 2 Illustrates an alternate presentation in which the

percent departure of the various results from the values of Sokolova

and Voskresenskaya (31a) are shownt the results of Sokolova and

Voskresenskaya were selected as the reference norm from a consider-

ation of such factors as preparation, purity of the salt, temperature

range of study as well as precision and accuracy of the results.

Inspection shows that the values obtained by the maximum bubble pressure

method (7a,20,31a,24a) and the ring method (1a) are in good agreement

( tO.5 dynes cm-')s the results gained by the plate method (3) are

/consistkntly higher (3 to 49 dynes cm-1). Relative to the surface
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tension studies generally the maximum bubble pressure method Is most

widely used technique; undoubtedly because It has many advantages

from the viewpoints of experimental difficulties such as the in-

convenience of visual observation of the melts, the corrosive

nature of the velts,volatilization and condensation of the salt

vapors on the apparatus and thermal gradient effects. Moreover

highly realiable and accurate results can be gained by this technique

/eJpecially for melts in the range 50-150 dyne cm"1.
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Table. . Classification of the Molten Salt Surface Tension Techniquoes
by the Fraction of the Total Determinations Made b' Bach
To.hniaue as Per Cant Apalicatlon.

Method Per Gent Application

Haximum bubble pressure 74.6

SWilhelmy elide plate 7.2

Capillary rise 5.7

Maximum pull on cylinder 4.2

Pin method 3.2

Pendant drop 2.S

Ring method 2.0

Sesslle bubble 0.6

I.-- -.---- - i i i - -.- -• ,--- - - - , _ -t n
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Fig. 1 Surface tension range and temperature range for the

various techniques.

Fig. 2 Surface tension of molten NaCi obtained by the various

techniques in the range 800-900°C: A, Barzakovskii

3a3
(Rtnj 160)e;3, Bertozzi (Plate, 1965) ; C, Bloou,

Davis and James (M.B.P., 1 9 6 0 )3a; D, Desyatnikov (M.B.P.,

1 9 6 6 )7a; E, Jaeger (H.B.P., 1917)20; F, Lantratov

(H.B.P., 1961)24.i Go Sesenchenko (M.B.P., 1947)30

H, Sokolov& and Voskresenskaya (M.B.P., 1962).31
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